Nuclear motion captured by the slow electron velocity imaging technique in the tunnelling predissociation of the S1 methylamine J. Chem. Phys. 136, 024306 (2012) Hydrogen bonds in the nucleobase-gold complexes: Photoelectron spectroscopy and density functional calculations J. Chem. Phys. 136, 014305 (2012) Zero kinetic energy photoelectron spectroscopy of jet cooled benzo[a]pyrene from resonantly enhanced multiphoton ionization J. Chem. Phys. 135, 244306 (2011) High-resolution threshold photoelectron study of the propargyl radical by the vacuum ultraviolet laser velocitymap imaging method J. Chem. Phys. 135, 224304 (2011) Photoelectron spectroscopy of HC4N J. Chem. Phys. 135, 204307 (2011) Additional information on J. Chem. Phys. The HeI excited photoelectron spectrum of the CO 2 molecule covering the X 2 ⌸ g and A 2 ⌸ u ionic states has been recorded at a resolution of better than 5 meV. Complex vibrational structures are resolved in both photoelectron bands. In the X 2 ⌸ g state, the 2 and 3 modes are observed to be excited in both an odd and even numbers of quanta in addition to the 1 mode, whereas for the A 2 ⌸ u state the spectrum is dominated by excitations of the 1 mode alone and in combinations with excitations of the 2 mode in two quanta involving strong Fermi resonance. The observed spectrum has been assigned by comparison with optical spectra and with calculations of the vibrational fine structure including vibronic and spin-orbit coupling.
I. INTRODUCTION
The first outer valence UV photoelectron spectra of the CO 2 molecule were presented already in the 1960s and 1970s. [1] [2] [3] [4] [5] [6] They were well resolved, and showed extensive vibrational structures that provided much information about the properties of the cationic states. Later studies performed with better resolution have further revealed the rich fine structures related to both spin-orbit, Renner-Teller and Herzberg-Teller interactions as well as Fermi resonances. [7] [8] [9] [10] Additional information regarding these structures has been obtained by studying the effects of isotopic substitution in the photoelectron spectrum of 13 CO 2 . 11 In a more recent study using a supersonic jet target, 12 the rotational and Doppler broadenings were eliminated as well as lines appearing due to inelastic scattering, which gave an even better characterization of the spectrum. In this work also an extensive reference list of spectroscopic works on CO 2 as well as COS and CS 2 up to 1988 can be found.
Threshold photoelectron spectroscopy ͑TPES͒ has been carried out at a resolution of about 14 ͑Ref. 13͒ and 9 meV ͑Ref. 14͒ which has enabled a rather detailed analysis of both the X and A states. The threshold photoelectron spectra may acquire intensity from autoionization processes in addition to direct photoionization and therefore often show vibrational structure that is not observed in conventional photoelectron spectra. This seems to be the case for CO 2 ϩ , where a large number of additional states could be observed particularly in the work of Ref. 14. Excitations of the bending 2 mode in single quanta were found to be quite strong, possibly reflecting a bent geometry of the intermediate autoionizing state, which would allow excitations of this mode in odd quanta in the ionic states. Also, high resolution photoionization resonance spectroscopy has been employed in studies of this molecule and from these spectra both the spin-orbit coupling constant and the Renner coupling parameter 15 have been estimated.
Much of the energy level structure has been revealed from studies of infrared and optical spectra of the A -X and B -X band systems ͑e.g. Refs. 16-27͒. More recently, the zero-kinetic-energy ͑ZEKE͒ photoelectron spectrum was recorded for the X 2 ⌸ g state at a resolution of 1.5 cm
Ϫ1
, allowing observation of the rotational fine structure. 28 A review of the literature and an extensive investigation of the vibronic interactions in the valence states of CO 2 ϩ , in particular with regard to the 3 mode, has been presented recently by Johnson and Rostas. 29 These studies have also provided important experimental information for comparison with various theoretically derived quantities.
The present HeI excited spectra show the complex fine structure in greater detail than in previous studies based on electron spectroscopy ͑except the ZEKE investigation 28 ͒. In particular, we resolve some of the structure related to the excitation of the bending ͑ 2 ͒ and antisymmetric stretching ͑ 3 ͒ vibrational modes. By a peak fitting analysis, it has been possible to decompose many of the superimposed lines into their constituents.
II. EXPERIMENTAL DETAILS
The measurements were performed by means of a high resolution UV photoelectron spectrometer that has been described previously. 30 It uses an electrostatic hemispherical analyzer with a mean radius of 144 mm and a microchannel plate detector system. The photoelectrons are focused onto the entrance slit of the analyzer using an electrostatic electron lens. Most of the studies were performed using a gas cell equipped with electrodes for compensation of potential variations due to plasma potentials and varying contact potentials. The most highly resolved spectra were recorded using an effusive molecular beam target, by which the Doppler broadening could be reduced to below 1 meV. All studies were carried out at a resolution better than 5 meV and the linewidth in the spectra recorded from the beam target was about 3 meV. The spectrometer is also designed to give a high signal-to-background ratio, of the order of 10
5
. Target gas pressures of a few mtorr were used in the present investigation and at such low pressures lines due to inelastic scattering of photoelectrons, which have been observed in earlier studies, 9 are completely eliminated. The HeI␣ radiation that has been employed for the photoionization was produced in a VUV source based on a microwave ECR discharge. 31 The discharge takes place at a pressure of about 50 mtorr in a very small volume between the poles of a strong magnet, which provides a field acting as a magnetic bottle that fulfills the conditions for electron cyclotron resonance in its center. This source gives a very high intensity that facilitates detailed studies. Furthermore, the linewidth of the radiation is very small ͑Ϸ1 meV͒.
The sample gas was obtained commercially with a purity of better than 99.99%.
The calibration of the spectra was carried out using the Xe 5p lines at 12.130 02 and 13.436 49 eV as energy references. 32 The resulting accuracy in the determination of binding energies for well-defined lines is better than Ϯ0.5 meV. For blended lines the accuracy is of the order of Ϯ1 meV or better.
All spectra are presented as they were obtained originally from the spectrometer, i.e., no deconvolution or background subtraction has been made. In order to determine the energies, widths ͑FWHM͒ and relative intensities of the individual vibrational components, a curve fitting program was used where each assumed component was represented by a Gaussian function. The fit was made independently of the optical data and with a minimum number of components. For the A state, Gaussians are not fully satisfactory, since the asymmetry of the line profile caused by the rotational structure is neglected.
III. METHOD USED FOR THE CALCULATION OF RENNER-TELLER COMPONENTS
In the 2 ⌸ electronic states of the linear CO 2 ϩ ion, vibronic interaction leads to a breakdown of the BornOppenheimer approximation and a complicated energy level pattern for the bending vibrational mode. In the present work, a one-electron model with the inclusion of both vibronic and spin-orbit coupling [33] [34] [35] has been adopted to calculate the vibrational energies and, in particular, the intensity distributions of the first and second photoelectron bands of CO 2 . The model incorporates a Hamiltonian which considers interaction up to the second order.
Eigenfunctions of the two-dimensional harmonic oscillator were employed for the calculation. Perturbation matrix elements were computed according to formulas given in Ref. 34 . The matrix was diagonalized to give vibrational energies. The accuracy of the results was scrutinized by increasing the number of basis functions involved. In addition, the sequential quadratic programming method 36 was used to optimize the dimensionless Renner parameter ⑀, the spin-orbit coupling constant and the vibrational frequency 2 to fit the theoretical energies to the experimental values. For symmetry reasons, coupling is possible between different basis functions which have the same total rotational quantum number K(ϭ⌳ϩl) where ⌳ and l are the electronic and vibrational angular momentum quantum numbers, respectively.
The wave function of the perturbed state of the bending mode is a linear combination of two-dimensional harmonic oscillator functions according to the above coupling treatment. Hence, the transition probability for the ionization pro- 
IV. RESULTS AND DISCUSSION
A. The X 2 ⌸ g state Figure 1 shows an overall recording of the photoelectron band at a resolution of about 4-5 meV. The spectrum is dominated by the transitions to the spin-orbit split vibration-less states, ͑0,0,0͒ 2 ⌸ g,3/2 and ͑0,0,0͒ 2 ⌸ g,1/2 at 13.7772 and 13.7969 eV, respectively, whereas the vibrational excitations are weak. This agrees well with the fact that the ionization takes place from a very weakly antibonding orbital. Assignments of the most prominent lines are given in this figure in terms of the two stretching modes. They mainly agree with previous studies but involve more energy levels. The antisymmetric 3 mode is excited in an even number of quanta but also single and threefold excitations are observed. Weak excitations of the Renner active 2 mode are observed in the regions between the more intense features as discussed extensively in previous studies. They will be further discussed in the following.
For the low energy part, the detailed analysis of the line structure has been based upon spectra recorded at a resolution of 3 meV, as shown in Fig. 2 , whereas for the parts with very low intensity above 14.2 eV the resolution used was about 4-5 meV. The analysis has been based upon a comparison with other recent studies by Larcher et al., 19 Brommer et al., 26 Chambaud et al., 27 Johnson and Rostas 29 as well as the present calculations. Table I summarizes the result of these studies and includes relevant results of some of the previous work.
Energies and relative intensities have been calculated for some of the observed lines using the model described in Sec. III. The results of these calculations are given in Table II along with relevant experimental data. It can be seen that the energy separations calculated in the present work for various ͑0v 2 0͒ vibronic components mostly agree well ͑within 2%͒ with the observed values and that there is at least reasonable agreement with the observed intensities.
The spin-orbit splitting obtained from the positions of the main lines is 19.6 meV, which is 0.2-0.3 meV lower than the values obtained in rotationally resolved studies. 18, 23, 28 Perfect agreement would probably require resolution of at least the rotational ⌬NϭN ϩ ϪNϭ0 branch. The two lines are found to have nearly the same intensity, both experimentally and by calculation ͑cf. Table I͒. On the low binding energy side of the ͑000͒ 2 ⌸ g,3/2 component, a number of hot bands can be seen. Owing to the distribution of energies, the intensities of these fall into three different groups. They are accounted for by our calculations as the ͑010͒-͑010͒, ͑020͒-͑020͒ and, possibly, ͑030͒-͑030͒ transitions ͑cf. Table II͒ ; the agreement with optical data is not perfect but we have not found any other convincing explanation. The low binding energy component of the ͑010͒-͑010͒ transition is clearly observed in Fig. 1 , whilst the high energy component is located at approximately the same position as the ͑000͒ 2 ⌸ g,3/2 main line and is responsible for the main part of the apparent increase in intensity of this line.
In the region between 13.82 and 13.88 eV, the structure is primarily associated with transitions to the ͑010͒ state manifold of the cation. Relative intensities of the various components given in Table I have been deduced by curve fitting. As indicated by the present calculations, some of the intensity in the high energy part of the line centered at 13.866 eV, which is primarily associated with the ͑010͒ 2 ⌺ Ϫ ionic state, may be caused by ͑030͒-͑010͒ hot band transitions.
At somewhat higher energies, between 13.88 and 13.98 eV, the spectrum involves transitions to both the ͑020͒, ͑100͒, and ͑001͒ ionic states. The transitions to the ͑020͒ 2 ⌸ 1/2,3/2 states are reflected by the line observed slightly above 13.89 eV. The line exhibits a doublet structure that fits very well with the predicted splitting between the states ͑cf. The two comparatively strong lines in the 13.92-13.96 eV range are primarily associated with the excitation of a single quantum of the 1 mode. However, the ͑020͒ 2 ⌸ 1/2,3/2 states have nearly the same energy as the ͑100͒ 2 ⌸ 3/2 state, leading to a strong Fermi resonance between the ⍀ϭ3/2 components. As can be seen, the corresponding line is substantially broadened compared to the ͑100͒ 2 ⌸ 1/2 component and, moreover, the peak maximum is lower, suggesting that the intensity is distributed into both the ionic states. This is confirmed by fitting two Gaussians located at the energies obtained by optical spectroscopy, 26, 27 each having the width commonly observed for single lines in this spec- 
. trum. A very good representation of the observed line is obtained using the peak heights given in Table I . As can be seen, the peak corresponding to the ͑020͒ 2 ⌸ 3/2 state is more than three times as intense as the ͑020͒ 2 ⌸ 3/2 peak which gives a clear indication that the mixing between the ͑100͒ 2 ⌸ 3/2 and ͑020͒ 2 ⌸ 3/2 states is very significant. The calculation predicts a much smaller intensity difference as expected. The model used does not include Fermi resonances and is therefore incapable of accounting for the high intensity of the mixed components, such as ͑020͒ 2 ⌸ 1/2,3/2 , while the agreement with the experimental result for the ͑020͒ 2 ⌸ 1/2,3/2 states and other unmixed states is reasonable. The 100/020 Fermi resonance has been studied in detail 18 and it has been shown that 100 2 ⌸ 3/2 and 020 2 ⌸ 3/2 are almost totally mixed.
Excitations of the antisymmetric 3 mode have been noticed in some previous studies. 10, 12, 14 In the present spectrum, the ͑0,0,1͒ 2 ⌸ u,1/2 component is well resolved at 13.972 eV while the corresponding ͑0,0,1͒ 2 ⌸ u,3/2 peak is hidden under the ͑1,0,0͒ 2 ⌸ g,1/2 peak ͑cf. In the 13.98-14.07 energy range, single and double excitations of the 2 mode reappear in combination with a quantum of the 1 mode. As can be seen from Fig. 3 , the line shapes and relative intensities are similar to those observed for the 2 mode alone in the 13.82-13.90 eV range. The energies and intensities are summarised in Table I However, several lines are well resolved. The most prominent peaks appearing at 14.3 eV must, for both energy and intensity reasons, be associated with the ͑102͒ final states, whilst the two weaker features at 14.332 and 14.351 eV can be associated with the ͑003͒ states. Since the energy of the 3 mode increases slightly with the number of quanta, the components of the ͑103͒ excitation are expected to appear slightly below 14.5 eV, where two lines are seen. These lines were earlier associated with the ͑004͒ state, 12 but to obtain a consistent assignment, the ͑004͒ transitions must rather be ascribed to the pair of very weak lines slightly above 14.5 eV. The remaining two lines in the region between 14.4 and 14.5 eV can for both energy and intensity reasons be assigned to the ͑202͒ final states. It may be noted that for the ͑v 1 02͒ states with v 1 ϭ0,1,2, there is a very satisfactory agreement with the recent energies presented by Johnson and Rostas. 29 The Renner parameter ⑀, the spin-orbit coupling constant A and the vibrational frequency 2 fitted to the present experimental data are listed in a footnote of The spectrum corresponding to this state is dominated by the well-known progression in the 1 mode. Each line in this progression is expected to be split by spin-orbit interaction into two components and these have just barely been resolved in previous studies. In addition, earlier studies have revealed a weaker feature on the low binding energy side of the main lines which has been associated with both a hot band and the ͑v 1 -1,2,0͒ progression. [7] [8] [9] [10] [11] [12] An overall recording of the band at a resolution of about 3 meV is shown in Fig. 4 covering the 17.2-18 .2 eV energy range. In this spectrum, the line structure appears much more clearly than in previous studies and it is readily seen that each of the main lines consists of three components, rather than two, and that the shape of the structure on the low energy side gradually changes as the energy increases. The observed lines are still partly overlapping and in order to analyze the spectrum in detail, curve fittings have been done to provide energies and relative intensities. The results are collected in Table III together with optical data from other works. The details of the line structure and the assignments are discussed in the following.
As for the X state, energies and relative intensities have been calculated for some of the observed lines using the model described in Sec. III. The results of these calculations are given in Table IV along with relevant experimental data. As can be seen, the discrepancies between the present calculated results for the bending mode and the corresponding experimental data are small ͑within Ϯ2.5%͒ which supports our interpretation of the spectral features associated with this mode.
The first two peaks of the main progression, corresponding to the A 2 ⌸ u ͑000͒←X 1 ⌺ g ϩ ͑000͒ transition, are observed at 17.3132 and 17.3250 eV, respectively. The former value is thus the adiabatic binding energy for the A state. The spin-orbit splitting obtained from these energies is 11.8 meV, which is in good agreement with the value of 11.86 meV obtained from optical spectroscopy. 29 These two lines are preceded by resolved weaker features at 17.286 and 17.300 eV, reflecting the͑010͒-͑010͒ hot band transition as can be seen by comparison to the present calculations ͑cf. Fig. 5 and Table IV͒. The apparent intensity of the 2 ⌸ 3/2 ͑000͒ component is slightly higher than the 2 ⌸ 1/2 ͑000͒ component. The difference is insignificant from the point of view of our calculations. It is not primarily due to a superposition of a hot band, but seems to be caused by an overlap with the higher energy component which has an asymmetric line shape with a tail on the low binding energy side reflecting the rotational substructure.
The ͑100͒←͑000͒ line and the accompanying ͑110͒←͑010͒ hot bands in the 17.4-17.5 eV range show essentially the same relative intensities as the first line manifold, as can be seen from Fig. 5 . However, the lowest hot band component at 17.426 eV exhibits a pronounced tail which indicates that additional excitations are present. We suggest that this structure, located at about 17.419 eV, reflects weak ͑020͒←͑000͒ excitations with an energy of about A detail of the third and fourth groups of lines is shown in Fig. 6 . For these, the spin-orbit splitting between the main lines is reduced to 11.2 and 10.7 meV, respectively, and the additional line on the low binding energy side of the ͑v 1 00͒
2 ⌸ 3/2 component increases dramatically in intensity between v 1 ϭ2 and 3. Moreover, the weaker structures further out on the low binding energy side are more pronounced than for the ͑000͒ and ͑100͒ lines. The obvious interpretation is that the hot bands remain approximately unchanged, relatively, while progressions involving ͑v 1 -1,2,0͒ excitations become progressively more intense, presumably due to stronger interaction. The ͑v 1 -1,2,0͒ 2 ⌸ 3/2 states are close in energy to the ͑v 1 ,0,0͒ 2 ⌸ 3/2 states and may therefore be strongly mixed by Fermi resonance. Thus, the remarkable ⌸ 1/2 component. It is nevertheless puzzling that the sum of the intensities of the strongly mixed components becomes relatively much greater than that of the unmixed ones. One possible mechanism to explain the observation is a change in FranckCondon factors in response to anharmonic coupling between the 1 and 2 modes. Figure 7 shows the detailed line structure in the range of the ͑400͒, ͑500͒, and ͑600͒ final states. The general structure and the gradual changes are the same as observed for the components at lower energy. Thus, the excitations involving the 2 mode are even more pronounced, the intensity of the ͑v 1 00͒ 2 ⌸ 3/2 line decreases even further and the spin-orbit splitting in the ͑v 1 00͒ progression decreases.
From these observations, we conclude that each main group of lines in the spectrum is composed essentially of six lines, two associated with the ͑v 1 ,00͒ 2 ⌸ 1/2,3/2 ionic states, two associated with the ͑v 1 -1,2,0͒ 2 ⌸ 1/2,3/2 and ͑v 1 -1,2,0͒ 2 ⌸ 1/2,3/2 ionic states ͑the two spin-orbit split components of each of these are most likely not resolved͒ and two lines corresponding to the ͑v 1 ,1,0͒←͑0,1,0͒ hot band transitions. The energies and relative intensities of these were deduced by curve fittings as mentioned above. Since the rotational line profile could not be determined, the fittings were made by representing each line with a Gaussian, and are therefore somewhat approximate. It may be noted, however, that the energies deduced in all cases are very close to the energy for the intensity maximum of the experimental line. The hot bands are not resolved in general and their relative positions and widths were therefore taken to be the same as observed on the low binding energy side of the ͑000͒ lines.
In the ͑600͒-͑520͒ complex, an additional line appears at 18.1105 eV. This line has been observed previously, although not as well resolved, and has from angle resolved studies been associated with transitions to the ͑102͒ ionic state. 10 The other component of the spin-orbit split state is expected to appear at 18.120 eV, but the intensity in this range is low.
At energies above 18.15 eV, the overlap with the vibrational structure of the B 2 ⌺ u ϩ state is substantial. Nevertheless, it is possible to follow the ͑v 1 -1,2,0͒ ͑v 1 ,0,0͒ 2 ⌸ 1/2 progressions up to the v 1 ϭ9 components, and to determine the relative intensities. In this energy range, the splitting of the ͑v 1 ,0,0͒ 2 ⌸ 1/2,3/2 states becomes very small. However, it seems that the main part of the intensity is acquired by the ⍀ϭ1/2 component.
Two additional series of very weak structures are observed in the intervals between the main lines, as can be seen in Fig. 8 . The energies and intensities of these features are given in Table III . In earlier studies, structures observed in this region have been associated with excitations of a single quantum of the 2 mode. The present theoretical study corroborates this interpretation for the first line, which fits well with the ͑v 1 10͒ 2 ⌺ ϩ ionic state. Although the second line, which is about 25 meV higher in energy, could have some contributions from the same state manifold, the calculations suggest that it should rather be associated with a hot band corresponding to (n30)←͑010͒ transitions.
Finally, by minimizing the discrepancies between the observed and theoretical vibronic energies of ͑0v 2 0͒, the Renner parameter, spin-orbit coupling constant and the 2 frequency of the A 2 ⌸ u cationic state were determined to be, respectively, ⑀ϭϪ0.100Ϯ0.005, AϭϪ14.8Ϯ1.1 meV and 2 ϭ55.257Ϯ0.010 meV. The corresponding values obtained from a study of the optical emission spectrum by Gauyacq et al. 18 are Ϫ0.093, Ϫ11.889 meV, and 57.052 meV, respectively. There is thus a good agreement between the values for ⑀ and 2 whereas our value of A is much too large. In the computation, it was found that the optimized value of A is very sensitive to the accuracy in the ionization energies used.
To conclude, the present calculations were carried out to describe, in the first place, the influence of the Renner effect on the low energy vibrational structure. As discussed above, this was apparently successful since the agreement with the experimental data is generally good as regards the energies and mostly also for the intensities. Large deviations in the intensity can be seen in some cases for allowed transitions to the ͑v 1 20͒ A 2 ⌸ u ionic states which shows that long range vibronic interaction involving different electronic states as well as Fermi resonances have to be taken into consideration in order to properly describe the intensity of these transitions. It is hoped that the present study will inspire further work aiming at a satisfactory description also of these effects.
